ABSTRACT: Developmental changes of swimming speed were analysed in the chub mackerel Scomber japonicus raised on two distinct dietary regimens. One group was fed only zooplankton such as rotifers and Artemia nauplii (R group) and the other group was fed rotifers plus red sea bream Pagrus major larvae (Pm group). Fish from the Pm group grew faster than those from the R group, and both the cruise and burst swimming speeds were faster for the Pm group even when matchsized comparisons were made. Fish in the Pm group attained a standard length (SL) of 17.5 mm by day 14 and their cruise and burst swimming speeds were 5.39 SL/s and 18.45 SL/s, whereas the R group attained 17.35 mm SL by day 17 and their cruise and burst swimming speeds were 4.28 SL/s and 13.98 SL/s. The results suggest that the swimming speed of chub mackerel in the wild would develop differently depending on the food resources they happen to encounter.
INTRODUCTION
The chub mackerel Scomber japonicus has been one of the most abundant pelagic fishes in the North Pacific waters. Population of the chub mackerel fluctuates dramatically over cycles of several decades, whereby there have been relatively few catches after the late 1980s. 1 A cyclic advantage relationship has been pointed out among the chub mackerel, the Pacific saury Cololabis saira, and the Japanese sardine Sardinops melanostictus; 2 however, knowledge concerning the ecology of the early life history of these species is still scarce, and the underlying mechanism of the replacement of dominant species remains unknown.
Sánchez-Velasco and Shirasago have reported that larvae and juveniles of the chub mackerel utilize both zooplankton and fish larvae in their diet. 3 This flexible feeding ecology is distinct from that of the Japanese sardine, which first feeds on zooplankton and then filter-feeds after the juvenile stage; 4 that of the yellowtail Seriola quinqueradiata, which shifts from crustacean to piscivorous; 5 or that of the Japanese Spanish mackerel Scomberomorus niphonius, which is almost exclusively piscivorous from the time of first feeding. 6 The chub mackerel's flexibility in its feeding ecology might have caused it to become one of the most dominant species in coastal and offshore pelagic waters.
In the present study we suggest the possibility that larvae fed different types of diets may behave differently; that is, dietary environment during the larval stage may influence the swimming modality at the juvenile stage and thus have an impact on their survival. To test this hypothesis we compared the swimming behavior development of the chub mackerel fed either a piscine diet (red sea bream Pagrus major larvae) or a zooplankton diet (rotifers and Artemia naupulii). of the fish was traced on an overhead projector transparency sheet, and this distance was divided by the time taken (10 s); hence, the cruise swimming speed was estimated. A consistent response to sound stimuli was expected only when otic bulla was filled with gas. 7 To observe the response development to sound stimuli, burst swimming rate was calculated by dividing the number of responses by the number of trials. Burst swimming speed was recorded only when the fish showed an obvious startle response. The fish's movement was traced for four consecutive frames, and the distance was divided by the time taken (4/30 s). Preliminary observations revealed that the fastest movement appeared in any of the first four frames after providing a stimulus. To standardize the comparison between dietary condition and developmental stages, we took the average of the movement of four frames and defined it as the burst swimming speed. Both cruise swimming and burst swimming speeds were divided by the SL of each individual.
MATERIALS AND METHODS

Chub
Average cruise swimming speed was compared among the different age and dietary groups (10 individuals for each group) using ANOVA followed by Fisher's least significant difference (LSD) test as a post-hoc test. Burst swimming speed was compared in the same manner, except that data were included only when they showed a startle response.
RESULTS
Direct observation in the rearing tank revealed that fish in the Pm group hardly ate rotifers and preferred to chase and eat fish larvae. Fish in the R group tended to have red-colored gut contents, suggesting that they fed well on Artemia.
The growth was better in the Pm group than in the R group. The average SL of the R group on day 17 matched with that of the Pm group on day 14 ( Table 1) . They reached juvenile stage (attaining the same fin ray numbers as adult) on days 13 and day 14 in Pm and R groups, respectively.
Cruise swimming speed increased as fish grew. Fish in the Pm group showed 1-2 SL/s on day 8 and 11, then increased to over 5 SL/s on day 14. Fish in the R group showed 1-2 SL/s until day 14, and 4 SL/s on day 17 ( Fig. 1) .
The number of fish that showed a startle response was few on days 8 and 11 in both groups, which comprising 1-6 individuals. The number of responses was 1-2 times out of three trials for each individual; therefore, the burst swimming rate ranged from 0.03 to 0.4. All the fish on days 14 and 17 displayed a startle response at least once and in many cases, displayed three responses out of three chorionic gonadotropin (HCG) hormone. The eggs were fertilized on June 10, 2000 and approximately 20 000 of these were transferred on June 12 to the Fisheries Research Station at Kyoto University. Most of the eggs hatched the next day and the hatching rate was estimated to be 90%. Approximately 3000 of the larvae were then stocked into two 500-L tanks. Rotifers Brachionus rotundiformis were fed at a density of 8 ind./mL on June 15 and 5 ind./mL thereafter.
On June 21, fish in one of the two tanks was commenced on a diet of rotifers and Artemia naupulii (R group) and fish in the other tank were fed red sea bream larvae (Pm group) in addition to rotifers. Both the rotifers and Artemia were enriched with commercial DHA oil (Docosa EM; Akita Jujo Kasei, Akita, Japan), and rotifers were also enriched using commercial condensed chlorella (Nama-Chlorella V12; Kyowa Hakko Kogyo, Tokyo, Japan). Naturally spawned and fertilized eggs of the red sea bream were supplied by Kyoto Prefectural Sea-Farming Center. The feeding amount of Artemia in the R group was 1-5 ind./mL and that of rotifers to both tanks was 5 ind./mL. Approximately 30 000-50 000 larvae aged 0-7 days old were fed to the Pm group daily.
Swimming speed of fish from both groups was measured on June 21, 24 and 27 (8, 11 and 14 days after hatching, respectively), and only of the R group on 30 June (day 17). Depending on the age of the fish, experimental tanks of three different sizes were used: (i) a 1-L glass beaker (10 cm in diameter) for day 8; (ii) a 2-L glass beaker (12.5 cm in diameter) for day 11; and (iii) a polycarbonate container (30 cm in diameter) for days 14 and 17. The walls of each of the three experimental tanks were covered by a black vinyl sheet, and water depth was maintained at 4 cm. A fish was moved from the rearing tanks to the experimental tanks, was left undisturbed for approximately 2 min, and then video-recorded using a Sony digital video camera DCR-PC100 (frame frequency 30 frames/s; Sony Corp., Tokyo, Japan). After recording for 90 s without disturbance, the fish was scared by sound stimuli to induce a startle response. Consistent sound stimuli were produced using a steal nut (ª 10 g) hung by a string (26 cm) that was released from a distance of 17 cm from the beaker wall. Sound stimuli were provided three times at 10-s intervals for each fish. Fish standard length (SL) was measured after anesthesia. This procedure was repeated using 10 individuals.
Frame-by-frame video analysis was conducted to calculate cruise swimming speed and burst swimming speed. Cruise swimming speed was estimated based on the 10-s video recording from 30 s after the recording was started. The movement R Masuda et al.
trials. The average burst swimming rate was 0.83 or more (Table 1) . Burst swimming speed increased as fish grew. Fish in the Pm group increased their burst swimming speed from 5 SL/s on day 11 to 18 SL/s on day 14, whereas fish in the R group attained 14 SL/s only on day 17.
Although fish in the Pm group on day 14 and those in the R group on day 17 had almost the same body length, the former showed significantly faster cruise swimming and burst swimming speeds (anova followed by Fisher's LSD test).
DISCUSSION
Measurement of the swimming speed of fish larvae and juveniles
Swimming speed can be measured either by using a chamber with an adjustable current speed or by measuring the speed of free-swimming individuals. In larval fish the latter method is more practical, as was done in the present study, because it is technically difficult to provide a slow and consistent current in a small chamber. The cruise swimming speed of chub mackerel larvae (days 8 and 11) ranged 1.4-2.4 SL/s, which was close to the value reported in larvae of other species such as plaice Pleuronectes platessa (1-3 BL/s). 8 Hunter and Kimbrell have estimated the cruise swimming speed of the chub mackerel based on free-swimming fish in rearing tanks. 9 They demonstrated that the swim speed of the chub mackerel shows an allometric growth as follows: (1) whereby S is the swim speed (cm/s) and L is the standard length (cm) (r 2 = 0.966). This equation gives 17.5-mm SL juveniles a swim speed of 74.15 mm/s, which is close to the value obtained for the R group on day 17 and is a slower value than that of the Pm group on day 14. Hunter and Kimbrell fed their experimental fish a diet of rotifers, 9 and this might have caused the results to coincide with those obtained for the R group in the present study.
Using equation 1, the swimming speed of earlier-stage larvae would be higher (e.g. swim speed of 7.59-mm larvae would be calculated as 17.14 mm/s compared with 10.63 mm/s as determined in the present study). This discrepancy may Fig. 1 (a) Cruise swimming speed and (b) burst swimming speed of chub mackerel larvae and juveniles fed either (᭺) rotifers and Artemia nauplii or (᭹) fish larvae. Mean ± SD was plotted for each experimental group and developmental group. Plots with different letters are significantly different (P < 0.05 Fisher's least significant difference test).
opment of muscles, more effectively compared with a zooplankton diet. One of the present investigators has studied the physiological differences between fish fed these two dietary regimens and has found no difference either in their pattern of allometric growth and RNA : DNA ratio or digestive enzyme activities (Aoyama M., unpubl. data, 2000). However, he found that fish in the Pm group showed a significantly larger condition factor. Although we have no data on the morphological characteristics of the specimens used, there remains the possibility that fish in the Pm group developed skeletons and/or muscles, especially red fibers, earlier than fish in the R group. Alternatively, the relatively high swim speed of the Pm group could be attributed to their greater experience in chasing their dietary fish. A similar suggestion has been provided by Batty and coworkers, who demonstrated that herring larvae fed copepods swim faster than those fed Artemia, as the former dietary animals swim more rapidly.
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Ecological speculation
Although the swimming capability of fish-fed mackerel larvae was superior to those fed zooplankton larvae, fast cruise swimming behavior may not necessarily be adaptive in all ecologic contexts. In general, zooplankton are distributed in patches; 14, 15 therefore once a fish comes across a patch of diet, they do not need to search around a large area as a large searching area would markedly increase the chance of encountering predators.
It has been reported previously that the larvae, juveniles and young of the chub mackerel switch between crustacean and piscine preys depending on the amount of food items available in their environment. 3, 16 Ozawa and colleagues have observed that the larvae of this species feed on tunicate larvae as well. 17 Results of the present study suggest that feeding conditions in the wild may have an impact on the swimming capability and thus survival of this species. Further experiments are needed that focus on the change in predation risk depending on swimming capability, as well as observations of swimming behavior in the wild.
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We thank Professors H Kumai and O Murata (Kinki University) for generously providing the fertilized chub mackerel eggs used in this study. Thanks are also due to Dr H Motoo and Mr K Nakajima (Kyoto Prefectural Sea-Farming Center) for kindly providing red sea bream eggs. be attributed to differences in methodology; In their study, Hunter and Kimbrell measured swim speed by counting the number of squares crossed by a larva as it swam over a grid on the bottom of the rearing tank. 9 Because a rearing tank usually has a water current, their method may have overestimated swim speed, especially of fish at the larval stage.
The burst swimming value we estimated was slower than those reported in herring Clupea harengus and plaice (8-BL/s). 10 This was partly because we underestimated the burst speed. In our measurement, we traced a fish's movements from four consecutive frames to standardize the comparison among different age and dietary groups. Their swimming speed, however, changed within this short period. This was probably because they might have responded by either a short latency response (C-start response) or a long latency response (S-start response); on average, Cstart latency in herring larvae was 0.02 s and S-start latency was 0.1 s (Masuda R. & Batty R.S., unpubl. data, 1997). Therefore, the fastest movements may appear in any of the first four frames (0.033-0.133 s) if observed at a frequency of 30 frames/s.
Development of swimming speed
Kohno and colleagues have studied the development of skeletons and fins in the chub mackerel with emphasis on the swimming function and observed rapid development of swimming organs from 5-10 mm SL. 11 In contrast, the present study demonstrated that there was a remarkable improvement in the swimming speed of fish larger than 10 mm SL. This discrepancy may be attributed to the stratification of the red muscle fibers, as has been observed by Matsuoka in his detailed work on the red sea bream. 12 Another possibility is that some behavioral processes, such as learning and experience in addition to functional development, may be required in the development of swimming behavior. The effect of the learning process on larval fish behavior will be a promising field for future studies.
Effect of dietary condition
We observed that the chub mackerel fed fish larvae can swim faster than those fed a diet of zooplankton. A physiological factor and a behavioral factor are two possible non-exclusive explanations for this difference in swimming capability. As a physiological factor, the chub mackerel may utilize fish larvae as an energy source, as well as for the devel-
